Polymeric materials are ubiquitous in our daily lives, and they play a significant role in many technological applications. The general predictive framework for the behavior of soft polymeric materials can be divided into two vastly different approaches. Highly coarse-grained models capture polymers as flexible random walks, resulting in general predictions of physical behavior but lack chemical specificity. Detailed atomistic models contain molecular detail but are frequently computationally intractable for exhaustive materials discovery. In this perspective, we discuss theoretical models that successfully bridge these disparate approaches. We identify intermediate-scale physical models that are amenable to theoretical analyses while containing sufficient granular detail to capture a range of molecular-level processes. We then provide several problems in materials engineering and biological physics where multiscale physics is essential in their behavior.
INTRODUCTION
Soft polymeric-materials modeling is currently split into two different philosophical approaches. The coarse-grained approach aims to capture the collective behavior of polymeric materials based on simple random-walk chain descriptions and phenomenological interaction parameters, resulting in broadly generalizable predictions that can be applied to many polymer systems. The microscopic approach strives for molecular realism by including physical interactions at the highest level of detail (down to atomistic), providing a purely predictive framework that captures molecular detail and the corresponding physical effects. Direct communication between these approaches is not straightforward. Given the inherent advantages and shortcomings of both approaches, there is a significant need to bridge these scales with a continuum of approaches that effectively dial the level of detail to suit the problem.
A range of problems involve soft materials whose collective behavior is critically dependent on microscopic physical effects.
Thus, predictive modeling of such materials requires a framework that reliably captures molecular detail while maintaining computational tractability. Two areas where molecular detail is essential are in the physical modeling of biological phenomena and functional soft materials. In this perspective, we discuss intermediate-scale polymer models that are amenable to the study of such problems and identify physical phenomena in such problems that necessitate this level of microscopic detail in their study.
theorem. Although this approach is attractive in resolving the dominant physical behavior at large scales, it does not retain the underlying molecular detail that distinguishes one polymeric material from another. All molecular detail is subsumed into a couple of phenomenological parameters. Since the Gaussian chain model is universal, this description can be viewed as a fundamentally distinct polymer model from all other approaches that aim to capture the microscale behavior of a specific polymer. Thus, microscale models,
Demonstration of a microscopic model (freely rotating chain model) behaving as an effective elastic chain at intermediate scales before approaching the Gaussian chain model. The dots represent results from Monte Carlo simulations of the freely rotating chain model for 5, 10, 15, and 20 segments (depicted in the inset), and we show the end distribution function for the wormlike chain model (solid curves) 21, [23] [24] [25] and the Gaussian chain model (dotted curve).
including fully atomistic descriptions, generally are viewed as complementary or competing descriptions of a specific system, and universal physical understanding cannot be easily extracted from such a study.
Recent work 4-6 provides insight into exactly how microscale descriptions tend toward a Gaussian random walk. As the chain length increases, a polymer chain exhibits an intermediate-scale physical behavior where decaying structural correlations result in semiflexibility (see top image of Fig. 1 ). The prevailing model that captures semiflexibility is the wormlike chain model, 7, 8 which has its roots in elasticity theory. 9, 10 Superficially, this model describes an elastic thread that opposes bending deformation and is subjected to thermal fluctuations. However, an alternative view of an effective elastic chain (e.g., the wormlike chain model) is as a universal intermediate-scale model.
To demonstrate the utility of modeling polymers as effective elastic chains, Fig. 1 shows results for the statistical distribution for the freely rotating chain model (fixed intersegment angle of 45 ○ ). The dots are results from Monte Carlo simulations for 5, 10, 15, and 20 segments, which correspond to 0.87, 1.73, 2.60, and 3.47 Kuhn lengths, respectively. The statistical behavior of the wormlike chain model has been determined using approaches that leverage approximate representations, [11] [12] [13] [14] asymptotic solutions, [15] [16] [17] [18] and analytical techniques. [19] [20] [21] [22] [23] [24] [25] The solid curves in Fig. 1 show our analytical solutions for the wormlike chain model, 21, [23] [24] [25] and the dashed curve for 3.47 Kuhn lengths is the distribution for the Gaussian chain model at this length. The freely rotating chain model plays the role of any detailed level of description, but an atomistic simulation would work as well. Note that these distributions converge at intermediate scales long before either distribution approaches the Gaussian chain model, as shown by the behavior at 20 segments. These results demonstrate that semiflexibility, as captured using an effective elastic chain model, serves as a bridge in the physical behavior between the large-length-scale Gaussian chain model and a detailed microscopic model (i.e., one with atomistic detail).
In a range of polymer applications, intermediate length-scale physical behavior leads to distinct phenomena that cannot be resolved without addressing this scale of physics. Therefore, it is essential to have a range of modeling approaches that are capable of incorporating molecular behavior at varying levels of detail, spanning the range of behavior over the spectrum shown in Fig. 1 .
BIOLOGICAL SYSTEMS INVOLVE PHYSICAL PHENOMENA OVER A VAST RANGE OF SCALES
Every living organism is composed of soft polymeric materials, and every biological process involves the physical interaction and assembly of biopolymers. In this regard, virtually every biotechnology application and therapeutic intervention is fundamentally governed by the physical behavior of polymer molecules and assemblies. Admittedly, historical strides in our fundamental biological understanding and in human health have not typically relied on detailed physical characterization and models of the underlying molecular behavior. However, current progress in establishing a quantitative picture of the behavior in living systems necessitates the development of physically motivated models that capture the molecular behavior of biopolymer systems while maintaining computational tractability.
For example, the organization and dynamics of chromosomal DNA is essential to the biological function of the genome. DNA is not simply a repository of information through the base pair sequence. Rather, the multiscale organization of DNA and its associated proteins plays a key role in regulating protein expression, genetic recombination, and many other critical cellular processes. Our understanding of the physical behavior of DNA is dramatically influenced by coarse-grained models, particularly those rooted in the wormlike chain model. 16, [26] [27] [28] The consequence of the molecular mechanics of the DNA strand on various biological processes is a major focus of research in biophysics. Figure 2 shows three biological processes where chromosomal DNA is manipulated and accessed at the nanometer length scale. At these scales, detailed molecular physics must be captured in theoretical treatments that capture the dominant behavior. The top image shows the local packaging of DNA into a nucleosome core particle, 29 where 147 base pairs are wrapped around a set of 8 histone proteins. Single-molecule experiments provide direct measurement of the physical forces that drive DNA packaging, [30] [31] [32] and physical modeling of the unwrapping process provides a quantitative determination of the molecular-scale interactions between DNA and histone proteins. [33] [34] [35] The mechanical properties of DNA influence the positioning of nucleosomes, 36 which dramatically impacts the large-scale organization of chromatin 37, 38 The physical packaging of DNA into a nucleosome influences the ability for proteins, such as RNA polymerase (middle image), 6 to access the genomic information. The formation of regulatory complexes requires the spatial coordination of distal genomic sites, e.g., the binding of Lac repressor to its two operons 39, 40 serves as a prototypical regulatory complex. The physical looping of DNA into a regulatory complex involves the interplay between the mechanical response of the DNA and the entropic cost of loop formation. 26, [40] [41] [42] [43] At slightly larger scales, proteins that seek to find specific target sites on DNA (bottom image) explore large regions of the chromosome while locally interrogating the DNA strand. [44] [45] [46] Historically, the central dogma of genetics asserted that DNA sequence holds all of the information that orchestrates cellular function. However, two cells with identical genetic information may have vastly different behavior due to chemical modifications in their genome packaging. This notion of epigenetic regulation represents a paradigm change in how we think about genetic traits. Epigenetic regulation is at the heart of numerous life-threatening diseases such as many cancers, developmental disorders, obesity, and diabetes. 47 Bridging the gap between the molecular-level packaging of DNA and genome-scale processes involving chromatin requires an in-depth quantitative prediction of chromosomal organization and its dependence upon protein manipulations and modifications. Chromosomal DNA within a nucleus segregates into condensed heterochromatin regions that are not expressed and uncondensed euchromatin regions that are available for protein expression (see left image of Fig. 3 ). The large-scale segregation of chromosomal DNA represents an example of a phase segregation within a living cell. Thus, chromosomal organization can be interpreted using the foundational principles established in condensed matter physics. [48] [49] [50] [51] [52] [53] Genome-scale models predict chromosomal organization (right image of Fig. 3 ) while accounting for the local protein-DNA
FIG. 2.
Three biological processes that involve nanoscale physical manipulation of DNA. The top image shows the unraveling of a nucleosome core particle, [33] [34] [35] as measured using single-molecule force spectroscopy. [30] [31] [32] Reprinted with permission from B. Sudhanshu et al., PNAS, 108(5), 1885 (2011). Copyright 2011 Author(s), licensed under a Creative Commons Attribution License. 33 The middle image shows RNA polymerase (blue) transcribing through a nucleosome (green). 168 Reprinted with permission from E. F. Koslover 168 The bottom image shows the search process of a protein seeking a specific target site on DNA. [44] [45] [46] The protein cycles through being unbound from the DNA (blue) and nonspecifically bound (red) from the initial time t 0 to the final time t f . Other bound proteins that impede the sliding motion of the protein are depicted in green.
interactions that drive condensation. 49, 53 Heterochromatin protein 1 (HP1) accumulates in the condensed heterochromatin regions, 54, 55 dynamically binding to nucleosomes that are methylated at lysine-9 of the histone protein H3 (H3K9). 56, 57 For a fixed methylation profile, site-specific HP1 binding is a determinant of heterochromatin formation. 55 Theoretical modeling of epigenetic regulation acts as a foundation for addressing genome-scale segregation of chromosomal DNA based on physical interactions that occur on 49, 53 the length scale of individual nucleosomes. Therefore, the collective condensation of genomic regions into chromosomal compartments is dictated by detailed sequence of chemical marks and interactions at the molecular level.
There are numerous advances made in experimental characterization of the 3D genome, [58] [59] [60] [61] resulting in a wealth of data to be explored. In particular, experimental measurements of genome contact (i.e., which chromosomal regions contact each other) provide a powerful approach to assessing theoretical models of chromosomal DNA. [48] [49] [50] [51] [52] [53] An enduring problem in this field is to establish a connection between the genome organization and the expression of the genetic material. The physical segregation is shown to influence protein expression and serves as a physical basis for epigenetic regulation. An ongoing effort in this field is to connect the physical organization of chromosomal DNA with its function in a living cell.
FUNCTIONAL SOFT MATERIALS WHERE SEMIFLEXIBILITY IS PIVOTAL
Many materials applications involve physical processes that occur at length scales where the polymer chains exhibit conformation correlations associated with semiflexibility. Functional soft materials that exploit molecular-level physical phenomena offer new avenues for materials applications. However, establishing a predictive understanding of behavior in functional soft materials necessitates theoretical models that capture their multiscale and multiphysics behavior. Here, we discuss two soft materialssemiconducting polymers and polymer electrolytes-that exhibit complex mesoscale behavior.
Semiconducting polymers are a class of materials that are composed of polymers with π conjugation along the backbone to enable charge transport and sidechain modifications that control solubility. Both of these features confer elastic rigidity to the molecular chains. These materials play an important role in a wide range of optical and electronic material applications [62] [63] [64] [65] [66] [67] and organic solar-cell technologies. [68] [69] [70] It is widely accepted that molecular ordering and mesoscale morphology impact charge transport in such devices. However, connecting molecular order to device performance is difficult due to a major need for characterization of conjugated-polymer materials across a range of length and time scales and a multiscale theory of charge transport in semiconducting polymers that captures essential transport processes at various scales.
Theoretical modeling of charge transport [see Fig. 4 (a)] 71-73 captures the complex trajectory of a charge undergoing intrachain and interchain hopping through an amorphous semiconductingpolymer environment. This theory elucidates the impact of polymer conformations on charge mobility and demonstrates that The Journal of Chemical Physics PERSPECTIVE scitation.org/journal/jcp considerable improvements to device performance can be made by alignment of conjugated polymer chains. This puts an emphasis on engineering molecules and processing materials with control over molecular-level alignment. Current progress in improving the efficiency of conducting polymer devices has primarily come from synthesizing increasingly complex molecules with specific electronic properties. This proliferation of materials underscores the need for a predictive theory of semiflexible polymer thermodynamics in order to determine whether the microstructure that arises from a new molecule will be suitable for assembly and processing of new semiconducting materials with desirable physical properties.
A second example where mesoscale physics play a major role is in the thermodynamic behavior of polyelectrolyte solutions and materials. [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] Polyelectrolyte solutions containing a mixture of model polyelectrolytes [positively charged poly(L-lysine) and negatively charged poly(L-glutamic acid)] in the absence of salt exhibit a liquid-liquid phase separation between a polymer-rich phase (associated with polyelectrolyte complexation) and a polymer-lean supernatant phase. 80 Small-angle X-ray scattering experiments of a semidilute solution of poly(L-lysine) at various polymer concentrations exhibit a peak at all concentrations that shift to higher qvalues (decreasing length) with increasing polymer concentration. The associated correlation lengths from these measurements range from 0.5 nm to 3 nm over the range of polymer concentrations. The reported correlation lengths are comparable in scale to the reported Kuhn lengths that range from 1 nm to 7 nm. 80 At these length scales, charge correlations and solvent/ion structuring play a major role in the thermodynamic behavior and theoretical models that address charge correlations and dielectric inhomogeneity provide guidance on the impact of such granular effects. [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] This example demonstrates that the essential physics for this problem occurs at length scales where the polymer rigidity is central to the behavior.
The thermodynamic behavior of polyelectrolytes has been analyzed based on flexible-chain theories, [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] which provides fundamental insight into the behavior of polyelectrolyte solutions. Simulations provide a valuable approach to incorporating molecular detail into the study of polyelectrolyte solutions. [115] [116] [117] [118] [119] [120] [121] However, there is a need for theoretical models that aim to capture semiflexibility in the study of polyelectrolytes. Previous theoretical efforts recognize this issue, and semiflexibility has been incorporated into field-theoretic treatments. 87, 89, 122 Further development of a comprehensive treatment of semiflexible chain statistics that permits evaluation of chain correlations (up to quartic order in the density) is needed to address fluctuation effects in polyelectrolyte materials.
ESTABLISHING DESIGN PRINCIPLES FOR THE DISCOVERY OF SOFT MATERIALS
Phenomenological treatments play a crucial role in our understanding of soft polymer materials. Microphase segregation of block copolymers [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] and random copolymers [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] serves as an archetypical example of a research area in polymer science that is dramatically influenced by phenomenological theory. Block copolymers 146 are a class of soft polymeric materials that are able to selfassemble into a variety of mesostructured phases. This is achieved when polymer blocks that would prefer to demix are covalently linked in a chain such that the blocks cannot escape each other. The resulting interfaces form mesoscale domains whose spatial dimensions and organization are dictated by the length of the blocks and the strength of demixing. Such microphases have a broad range of applications in energy technologies, including lithium ion batteries, fuel cell membranes, nanoparticle synthesis, nanolithography, and CO 2 separation.
The simplest example is the A-B diblock with lengths NA and NB of A and B blocks, defined by the fraction fA = NA/(NA + NB). The self-assembly of this system into ordered microstructures has been extensively studied experimentally and theoretically. 146 The observed phase diagrams show that altering the A fraction fA and increasing the strength of demixing (by experimentally lowering the temperature to raise the Flory-Huggins interaction parameter χ) results in a range of microphases, including planar lamellae (L), continuous gyroid (G), cylinders (C), and spheres (S). Theoretical phase diagrams found using self-consistent field theory (SCFT) exhibit remarkable agreement with the experimental phase diagrams for poly(isoprene-styrene) (determined using Xray scattering). Each microphase is attractive for specific materials applications. For example, randomly oriented lamellae 147,148 and continuous gyroid phases 149, 150 are particularly attractive for applications that require percolating structures, including pathways for ion transport in batteries and fuel cell membranes. Notably, the conditions where the gyroid phase prevails are extremely narrow. In fact, the gyroid phase was not found experimentally until the theoretical phase diagram revealed this specific microphase structure. 146 All theories mentioned above assume random-walk conformations of chains, which is only a valid assumption for materials composed of sufficiently long copolymer chains. 123 Ostensibly, the Kuhn length b identifies a length scale where the polymer transitions from a rigid chain to a flexible random walk, but the range and impact of the crossover between these two limiting behaviors are not immediately clear. To find the effect of chain semiflexibility on the phase behavior of diblock copolymers, past studies use SCFT of wormlike chains, 151-157 neglecting concentration fluctuations. As the molecular weight of diblock copolymers is reduced, it is important to realize that not only the chain semiflexibility but also the accompanying concentration fluctuations need to be considered.
The top plot of Fig. 5 shows analytical results for the stability diagram (marking the order-disorder transition or ODT) of a semiflexible diblock copolymer based on a quartic-order expansion of the free energy, predicting the impact of concentration fluctuations based on a one-loop renormalization procedure. 158 The polymer structure factor for these predictions utilizes analytical results for the wormlike chain model, 21, [23] [24] [25] and the mean-field predictions (i.e., α → ∞) in Fig. 5 are consistent with previous treatments of semiflexible copolymers. 152, 153, 159, 160 We also show predictions for flexible polymer chains (dashed curves), 126 which show a monotonic elevation of the χ parameter at the ODT with decreasing chain length. Polymer semiflexibility and concentration fluctuations move the stability curve in opposite directions, and our current understanding of their combined influence cannot identify the direction of change (much less the magnitude). Thus, semiflexibility and concentration fluctuations need to be accurately captured to make an accurate prediction of the phase behavior in these systems. The bottom plots of Fig. 5 show the phase diagrams for diblock copolymers with varying fraction of the A block fA for chain lengths N = 10, 50, and 100 and α → ∞ (mean-field), α = 4, and α = 2. The phase diagram for N ≈ 100 to N ≈ 10 (note, N = L/b is the number of Kuhn lengths) exhibits considerable reduction in the ODT or the spinodal χs. To put this in perspective, even the seemingly modest change in χs from N = 200 to N = 11 in Fig. 5 corresponds to an approximate elevation of 50 ○ C in the temperature at the ODT. The
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There is currently a need to determine the combined effect of both semiflexibility and concentration fluctuations on the selfassembly of copolymer and liquid crystalline materials. Furthermore, correlations within polyelectrolyte solutions play an important role in their thermodynamic behavior, and further work is needed to tackle such effects. The trend in many technological applications of copolymer materials is to achieve smaller feature sizes, and with decreasing size scale, the impact of semiflexibility and detailed molecular interactions is increasingly important to capture in theoretical models.
CONCLUSIONS
In this perspective, we discuss the development of intermediate-scale models for polymeric materials that systematically incorporate molecular detail while maintaining a computationally tractable approach. One advantage of coarse-grained descriptions is the ability to draw general conclusions that are transferrable to a wide range of problems. Thus, an intermediate-scale treatment should provide a level of treatment that captures essential microscopic physics at the simplest level of description that still captures collective behavior. Figure 1 provides insight into the progression of polymer behavior across varying length scales. Atomically detailed models aim to capture specific chemical detail at the atomistic level-an approach that may be predictive for specific materials applications. Each material requires the development of a specific model, and general physical principles are difficult to extract from such treatments that can be applied across material classes. However, detailed models undergo a transition through behaving as coarse-grained, effective elastic chains at intermediate scales, suggesting that there is an intermediate scale of treatment that can retain some level of molecular detail. Since the Gaussian-chain limit no longer retains molecular detail, the goal of an intermediate-scale model is to incorporate the essential molecular granularity while capturing large-scale physical behavior. The general treatment of polymer molecules as an effective elastic chain serves as a generalizable framework for capturing this intermediate scale of physical behavior.
The implementation of semiflexible polymer models (such as the wormlike chain model) into simulation and theory is challenging due to the added complexity associated with capturing the local orientation degrees of freedom. Field theoretic methods such as SCFT of wormlike chains [151] [152] [153] [154] [155] [156] [157] involve significant technical challenges relative to their Gaussian-chain analogs. The publicly available code for SCFT for flexible polymers (for example, code found at http://pscf.cems.umn.edu/pscf and described in Ref. 162 ) is a valuable resource for materials discovery. Although such a public resource would be valuable for the case of SCFT of wormlike chains, we argue in this perspective that concentration fluctuations play a significant role under conditions where semiflexibility is prevalent. Thus, simulations that incorporate concentration fluctuations based on a field-theoretic framework [163] [164] [165] [166] [167] would be valuable for intermediate-scale physical phenomena discussed in this perspective. We have developed the code for particle-field Monte Carlo simulations that is available on our research group website (http://web.stanford.edu/∼ajspakow/), which has been used to address semiflexible copolymer assembly 145, 161 and chromosomal organization. 53 Further development of computational packages that facilitate the broad study of these problems is needed.
We proceed to discuss several problems in functional soft materials and biological physics that are modeled using coarse-grained descriptions using an intermediate scale of description. These problems involve very different classes of polymeric materials, and atomically detailed models to predict their behavior would necessitate the development of individually vetted approaches that are material specific. In this perspective, we discuss theoretical models that are rooted in an intermediate scale of description and are amenable to the study of these disparate problems, and general physical conclusions can be drawn. For example, the study of chromosomal organization (see Fig. 3 ) is informed by the study of copolymer materials (see Fig. 5 ), since the basic physical principles that drive segregation are common to both problems. Notably, molecular detail introduces effects that are not easily extrapolated from the flexible limit (as shown in Fig. 5 ), requiring fundamental studies of the impact of intermediate-scale physics on collective behavior.
The foundational principles of polymer physics can be broadly applied across a range of technological applications and scientific problems, and predictive understanding of the physical behavior of polymeric materials hinges on the application of coarsegrained descriptions. As such, it is desirable to establish a continuum of models that systematically incorporate molecular detail while retaining a connection to the foundational work based on flexible polymer-chain descriptions. With increased computational power, atomistic modeling is able to access larger systems, enabling the simulation of a broader range of materials. However, the extraction of general physical principles from simulations necessitates an intermediate-scale description. As such, many physical problems involving functional soft materials and living systems reside at the mesoscale. Further development of predictive models to tackle these problems requires a level of granular description that captures behavior at this scale.
There is a common thread among the range of problems discussed in this perspective. In each case, collective behavior is governed by physical processes at the nanoscale that cannot be captured by a flexible-chain description, where all microscale physics is encapsulated within a small set of phenomenological parameters. For example, protein action at the nanometer scale in living systems and intra-and interchain transport of charge in conjugated polymers both involve microscopic physical behavior that requires a detailed theoretical description to adequately capture large-scale behavior. The expansion of polymeric materials into new technological areas increasingly involves functional capabilities of molecular chains that involve novel physical effects at the nanoscale. Theoretical guidance in the development of functional soft materials is increasingly important due to the complexity in predicting behavior in these complex systems.
